11.3% efficiency Cu(In,Ga)(S,Se) 2 Cu(In,Ga)Se 2 (CIGSe) thin film solar cells have reached conversion efficiencies of over 22%. Although crystalline Si-based solar cells have reached efficiencies of over 25%, 1 CIGSSe solar cells are nevertheless of great interest due to unique advantages of their thin films. 2, 3 Si-based solar cells are dominating the market. To compete with them, the development of solar cells with high efficiency at low production cost is essential. So far, the best performing CIGSSe solar cells rely on high vacuum processes (three stage evaporation yielding an efficiency of 21.7% 4 and reactive annealing of sputtered metal precursors yielding 22.3% 5 ). It is believed that one of the ways to reduce the production cost is to use solution processes, in particular the printing process, to fabricate solar cells. [6] [7] [8] Many groups have been working on different methods such as spin coating, [9] [10] [11] [12] [13] doctor blading [14] [15] [16] [17] [18] and spraying, [19] [20] [21] which are all based on either nanoparticle or molecular ink precursors. The best solar cell based on a solution process has an efficiency of 15.2% as reported by Todorov et al. who fabricated the CIGSSe absorbers by using a hydrazine-based solution process. 11 Using hydrazine as a solvent is undesirable for mass production due to its toxic and explosive properties. Therefore, alternative inks should be formulated in order to facilitate mass production. Recently, Uhl et al. reported a route for the formulation of Cu-In-Ga-S ink by forming Cu-thiourea-chloride, In-dimethyl sulfoxide-chloride and Ga-dimethyl sulfoxide-chloride in a dimethyl sulfoxide solvent.
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The achieved power conversion efficiencies of CIGSSe solar cells prepared from this ink have reached as high as 14.7%, which is quite promising. However, there are some limitations in terms of the ink formulation process and stability of the ink in this process. On the one hand, the ink formulation process is
Broader context
Among all the thin film solar cell technologies developed so far, Cu(In,Ga)Se 2 -based thin film solar cells exhibit the best performance with an efficiency of 22.3%. The main challenge in the widespread application of solar cells is to reduce the cost in order to compete with conventional energy sources. It is believed that one way to reduce the cost is to use a solution process for the fabrication of solar cells, which does not rely on a high cost vacuum-based facility but has high raw material utilization. As one of the solution process based methods, drop-ondemand inkjet printing shows remarkable advantages such as high efficiency in terms of precursor utilization and easy adaptability to rollto-roll processes for high throughput production. One could expect that one day solar cells can be produced using a similar process to that used in the printing of newspapers showing a significant cost reduction compared to the conventional vacuum-based process. In this work, we report the fabrication of Cu(In,Ga)(S,Se) 2 solar cells with total area efficiencies exceeding 11% using the drop-on-demand inkjet printing technology based on air stable Cu-In-Ga nitrate inks. These encouraging results are a first indication that the unique advantages of air-stable inks and inkjet printing can be exploited without sacrificing device performance.
performed inside a glovebox, and in order to form the complex a heating step to 120 1C is required, which is rather complex. Therefore, an air stable simpler process is preferred in order to facilitate industrial production. On the other hand, both of these two best results are based on the spin coating method which has low efficiency in terms of raw material utilization. Considering the expensive indium and gallium constituents, one way to reduce the cost of CIGSSe solar cells is to reduce the wastage of indium and gallium during the absorber production process. This is also important considering that the supply of these metals might become an issue once CIGSe thin-film solar cells are produced in very large volumes (70 GW per year). 22 In this context, the drop-on-demand inkjet printing approach has intrinsic advantages. It is a solution-based technique, which does not rely on high vacuum for precursor deposition. Additionally, compared to the conventional solution deposition methods, i.e. spin coating, this technique can significantly increase the raw material utilization due to its drop-on-demand feature. For instance, less than 25 mL of the precursor ink is required to deposit the precursor for a 1 mm thick CIGSSe absorber on an inch by inch substrate via the inkjet-printing technique, while at least 100 mL is needed for one spin coating with a thickness of 200-300 nm. Nearly all the precursor inks can be utilized due to the drop-on-demand property of inkjet-printing. Another great advantage of inkjet printing is that it can be easily adapted to roll-to-roll processes for mass production. This technology has attracted considerable attention from both scientific and industrial research communities due to its unique properties. So far, the highest power conversion efficiency of an inkjet-printed CIGSSe solar cell is 5.04% as reported by Wang et al., 23 where the ink was formulated by dissolving copper acetate, indium acetate and gallium chloride in a mixture solvent of ethanol, ethylene glycol and ethanolamine. Previously, we have demonstrated that the inkjet printing technology can also be applied to the fabrication of kesterite absorbers and indium sulfide buffers. [24] [25] [26] In this communication, we exploit the application of this technology to the preparation of CIGSSe solar cells. We have developed a simple route for the formulation of a printable Cu-In-Ga ink by mixing Cu, In, and Ga nitrates in alcohol-based solvents at room temperature. This ink shows long-term stability in air. A power conversion efficiency exceeding 11% has been demonstrated for a CIGSSe solar cell based on inkjet-printed precursors using this air-stable Cu-In-Ga ink. Fig. 1 (a) shows a photograph of the ink with a clear blue color. The wetting behaviour between the ink and the substrate plays an important role in the formation of homogeneous films. One way to examine this is to measure the contact angle of the ink on the substrate. Therefore, we first checked the contact angle of the Cu-In-Ga ink on Mo coated soda lime glass. As shown in Fig. 1(b) , the contact angle is 271, which is even smaller than that of our previous Cu-Zn-Sn-S ink, 24 indicating that wetting is suitable for printing. 27, 28 It is known that metal nitrate compounds are easily decomposed into the corresponding metal oxides by heating up to certain temperatures. [29] [30] [31] Here, thermogravimetric analysis (TGA) has been utilized to study the thermal decomposition of the individual metal nitrate precursors as well as the formulated ink during the thermal treatment process (Fig. 2) . The TGA study of the pure metal nitrates indicates dehydration and decomposition stages, which together result in the corresponding metal oxides (CuO, In 2 O 3 and Ga 2 O 3 ). Ga(NO 3 ) 3 shows the lowest decomposition temperature while Cu(NO 3 ) 2 shows the highest. However, the decomposition of all individual compounds is nearly complete when the temperature reaches 300 1C with a ramping rate of 10 1C min
À1
. The red curve in Fig. 2 represents the TGA curve of the precursor ink which was dried under vacuum at 80 1C before loading into a ceramic crucible for TGA measurements. The initial weight loss observed from room temperature to 300 1C is attributed to the evaporation of residual solvents as well as the decomposition of metal salt precursors into metal oxides. In principle, the decomposition should be completed at 300 1C according to the TGA analysis of the single metal nitrate precursors. However, there is a second significant mass loss between 300 and 400 1C, which is presumably related to the ethylene glycol solvent. Assuming that all the dried precursors are anhydrous, the products after decomposition should be CuO, In 2 O 3 and Ga 2 O 3 , which should account for around 43% of the remaining mass. However, here the final mass is around 51%, indicating the contribution of other compounds. On the other hand, assuming that all the anhydrous precursors are metal ethylene glycol complexes such as Cu(OCH 2 CH 2 O), In 2 (OCH 2 CH 2 O) 3 , Fig. 3 shows the GIXRD pattern of a completed CIGSSe solar cell. The most intensive peak located at 26.8061 corresponds to the CIGSSe 112 plane, which is at a slightly larger angle than the 112 peak of pure CuInSe 2 at 26.5721. The diffraction peak position is shifted to a higher angle when replacing In with Ga and/or replacing Se with S due to the smaller atomic diameter. For instance, the 112 peak position is at 27.881 for pure CuInS 2 and at 27.7691 for pure CuGaSe 2 . The small difference of the 112 peak position between the CIGSSe sample and pure CuInSe 2 suggests that the sample contains only small amounts of Ga and/or S. The other less pronounced peaks related to CIGSSe such as 101, 211, 220/204 and 116/312 are also observed, as labeled in the figure. Since the XRD measurements have been performed on the solar cell sample, the peaks corresponding to the ZnO window layer, aluminum grid, indium contact and Mo substrate are also detected. XRD is insufficient to distinguish whether the shift of the peak to a higher angle is due to the incorporation of Ga or S in the CuInSe 2 absorbers. However, Raman spectroscopy can be used to identify the vibrational modes related to Se or S, respectively. As shown in Fig. 3(right View Article Online Fig. 4 shows cross-sectional SEM images together with the Energy Dispersive X-ray (EDX) line scanning profile of a crosssection of the CIGSSe film. The inkjet-printed Cu-In-Ga layers after pre-heating appear uniform and compact with a thickness of around 1 mm (see Fig. 4(a) ). Fig. 4(b) shows the cross-sectional image of a complete CIGSSe solar cell with the Mo/CIGSe/CdS/ i-ZnO/Al:ZnO structure. The CIGSSe absorber shows a double-
cells with 15% efficiency based on a nanoparticle ink route, there still is a fine grained layer underneath the large grained layer.
14 A layered structure was observed in both our nanoparticle ink based and molecular ink based inkjet-printed kesterite CZTSSe absorber thin films. 24, 34 The reason for the formation of the layered structure is not completely clear, but residual carbon in the fine grained layer stemming from the organic solvents/surfactants in the precursor inks may play a role. 35, 36 To study the elemental distribution through the depth of the CIGSSe absorbers, EDX analysis was performed. Fig. 4 (c) displays the elements Cu, In, Ga and Se according to the EDX line scanning profile across the cross-section. Due the overlapping of S Ka with the Mo La signal, neither of these two elements is shown here. The concentrations of Cu and Se are nearly constant throughout the CIGSSe layer with a slight decrease of Cu and increase of Se within the small grained layer. The strong increase of Se near the back contact is due to the existence of MoSe 2 as shown in Fig. 4(b) . The whole CIGSSe layer is mostly Cu-poor with the In concentration gradually dropping from the surface towards the back contact while the Ga concentration showing the opposite trend. Note that there is almost no Ga at the surface of the large grained CIGSSe layer. However, the Ga concentration dramatically increases in the fine grained layer. Assuming a certain degree of sulfur incorporation, the surface of the large grains is close to pure CuIn(S,Se) 2 while in the fine grained layer the composition is closer to Cu(In,Ga)(S,Se) 2 . The overall ratio of Cu : In : Ga : Se is 1 : 1.3 : 0.2 : 2.1 as estimated from the EDX measurements, which is Cu-poor and In-rich. The solar cells were completed by the deposition a CdS buffer layer, i-ZnO/ ZnO:Al window layers, and Ni/Al grids. The typical I-V curves and device parameters of the best devices are shown in Fig. 5(a) . A solar cell with a total area efficiency of 11.3% was achieved, with an open circuit voltage (V OC ) of 541 mV, short circuit current density ( J SC ) of 31.1 mA cm À2 , and fill factor (FF) of 67.0%. The maximum external quantum efficiency (EQE) reaches up to 90%, suggesting nearly loss free collection of light generated charge carriers at that wavelength suggesting good carrier lifetimes at the interface and in the upper part of the absorber. However, the near infrared response shown by the EQE is poor. In general, several reasons can contribute to the poor red response: rear surface (back contact) recombination, insufficient light absorption and low diffusion length. 37 Wu et al. performed a comprehensive study on the effect of the fine-grain layer and suggested that it does not contribute to the photo-response of the Cu 2 ZnSn(S,Se) 4 photovoltaic device. 35 Here, assuming that current is mainly collected from the large grained layer, the effective thickness of the CIGSSe absorber is only around 600 nm which would not be thick enough to absorb all the light. We therefore suspect that a combination of insufficient light absorption in the upper layer and failure to collect carriers from the lower layer could be the main reason for the poor red response in our case. To support our assumption, SCAPS 38 simulation of the quantum efficiency with different absorber thicknesses was performed. Assuming the same diffusion length, the red response decreases as expected when the absorber thickness is reduced due to the insufficient light absorption. Particularly, when the absorber thickness is less than 500 nm, this behavior is very pronounced (see the ESI, † Fig. S2 ). Comparing the slopes of the measured 
View Article Online
EQE with the simulated ones, we can clearly see that the effective absorber thickness (large grained layer) is higher than that of the 250 nm one but slightly lower than that of the 500 nm thick simulated one. Note that the simulated EQE curves are from the one-dimensional calculation without considering grain boundary recombination and that the diffusion length was assumed to not limit carrier collection. These simplifications in the model can explain that the simulated 500 nm thick absorber still shows better red response than the actual cell. 39 These considerations suggest that by increasing the effective absorber thickness one should be able to increase the current density and efficiency of the cells. 40, 41 Although the total thickness of the precursor can be simply increased by increasing the number of printing cycles as well as the printing resolutions, the thickness of the presumed active layer does not increase significantly when using the same annealing conditions. Fig. S3 (a) (ESI †) shows that when the total CIGSSe thickness increases to 1.4 mm, the large grain layer is only slightly thicker (670 nm) while the fine grain layer thickness significantly increased to approximately 730 nm. While the current density of the device increased by around 2.1 mA cm
À2
due to the slightly thicker active layer, the conversion efficiency of the device dropped to 9.5% due to the lower open circuit voltage and fill factor (Fig. S3(b) , ESI †). This indicates that the preheating and annealing conditions (temperature, time, and chalcogen partial pressure) would have to be adapted for the thicker precursor in order to maintain the electronic properties and relative thickness of the large grain layer. [42] [43] [44] For example, Wang et al. 42 have investigated the influence of selenium pressure on the CIGSe grain grown from molecular precursors during selenization. They found that higher selenium vapour pressure helped to get larger CIGSe grains. By integration of the EQE a current density of 32.4 mA cm
is derived, which is slightly higher than the value acquired by the current-voltage measurements, and is reasonable considering the grid shading of the device. The band gap estimated by the maximum value of the derivative of EQE over energy is estimated to be 1.10 eV, which is slightly lower than that in typical high efficiency cells. Fig. 5(c) shows the variation of open circuit voltage as a function of device temperature. The temperature dependent J-V characteristics of CIGSSe solar cells can be used as a tool to identify the dominant recombination mechanism, i.e., bulk vs. interface recombination. [45] [46] [47] The extrapolated open circuit voltage at 0 K is 1.02 V. If we assume a thermally activated recombination process with an activation energy of 1.02 eV (E = q*V OC (0 K)), this value is close enough to the absorber band gap estimated from EQE (1.10 eV) to justify the assumption that the cell efficiency is limited by the absorber bulk recombination rather than the hetero-interface. On the other hand, the small remaining discrepancy may indicate that there is potential for optimizing the band gap grading (originating from a higher sulphur content at the surface and a higher Ga content towards the back contact). In summary, we reported on a low precursor wastage and cost-effective route for the fabrication of CIGSSe absorbers using a promising scalable inkjet printing technique. After reactive annealing, the CIGSSe absorber shows a layered structure with a large grained layer at the surface and a fine grained layer near the back contact. Ga was found to accumulate in the fine grained layer near the back contact. Solar cells with a total area efficiency exceeding 11% have been achieved. The poor infrared response in the EQE curve is probably caused by insufficient light absorption in the thin CIGSSe absorber layer. The band gap of the absorber is estimated to be 1.10 eV. The dominant recombination mechanism in the solar cell is the absorber bulk recombination. These encouraging results are a first indication that the unique advantages of air-stable inks and inkjet printing can be exploited without sacrificing device performance. Fig. 1(a) . Note that the solvent of ethylene glycol utilized here serves two functions: on the one hand, it is used to adjust the viscosity of the precursor ink due to its high viscosity (16.1 cP) and, on the other hand, it is also used to prevent nozzle clogging due to its low vapor pressure. The second step is inkjet printing of the formulated Cu-In-Ga ink onto the Mo coated soda lime glass substrate to form the precursor film. The printer used for printing is a PiXDRO LP50 printer from OTB Solar, Roth & Rau. A spectra print head (SE 128) with 128 piezoelectric nozzles is used for printing. The diameter of each nozzle is 35 mm. It should be noted that the drop volume could be tuned by adjusting printing parameters such as the voltage applied to the print head and the viscosity of the ink. In our experiment, the applied pulse voltage of the print head is between 75 and 85 V and the droplet volume is close to 15 pl (Fig. S1, ESI †) . The printing speed was set to 200-300 mm s À1 . The resolutions in both the X and Y directions for the printing were between 320 and 400 dpi. The Mo coated soda lime glass substrate with a dimension of 10 cm Â 10 cm is placed on the substrate table which is heated to 50 1C. The as-deposited Cu-In-Ga precursor thin films were baked on a pre-heated hot plate at 250 1C for 2 min after printing to remove the residual solvent. Based on the printing resolution and the droplet volume, the volume of ink needed for each printing on an inch by inch substrate is calculated to be less than 2.5 mL. To reach the desired thickness, the inkjet printing and pre-heating steps were repeated. After that, the precursor thin films were cut into 50 mm Â 25 mm size and annealed under ambient pressure in a quartz tube furnace under a reactive atmosphere to allow the formation and crystal growth of the CIGSSe thin film absorbers. The annealing profile is shown in Scheme 1 in the fourth step. It should be noted that the quartz tube was evacuated and filled with argon three times before heating. Argon was flowed through the quartz tube during the whole annealing process. Prior to solar cell fabrication, the CIGSSe absorbers were soaked in 20-24% (NH 4 ) 2 S for 30 s and etched by 10% KCN for 3 min to remove potential Cu x (S,Se) phases. 
Characterization
The contact angle was measured by using the ''contact angle system OCA'' obtained from Data Physics Instruments GmbH, Germany. Thermogravimetric analysis (TGA) was performed using a NETZSCH STA 409C apparatus under argon flow (100 ml min À1 ) and at 10 1C min À1 ramp rate. The structure of the films was studied by grazing incident X-ray diffraction (GIXRD) and Raman spectroscopy. The GIXRD patterns were acquired in the 2y range from 15 to 701 on a Bruker D8-Advance X-ray diffractometer with CuKa1 radiation at an incident angle of 51 using a step size of 0.021 and a step time of 5 seconds. For the Raman measurements a Dilor LabRam Raman setup was used. A HeNe laser with a wavelength of 632.8 nm was used as an excitation source. To avoid laser heating the beam power was kept below 7 mW. Raman spectra were recorded in a backscattering configuration using a microscope and a motorized XY stage. The micro-Raman spectroscopy with a 50Â objective was performed at room temperature.
Silicon was used as a reference for the calibration. The morphologies of the layers were analysed in a LEO 1530 GEMINI scanning electron microscope (SEM) of Zeiss. The SEM image was recorded at an acceleration voltage of 10 kV. Energy dispersive X-ray (EDX) spectroscopy analysis was performed under the LEO GEMINI 1530 field-emission gun scanning electron microscope (SEM) with an acceleration voltage of 20 kV and a Thermo Noran X-ray silicon drift detector (acquisition and evaluation software, Noran System Seven). Current-voltage (I-V) characteristics were analysed using an in-house class A sun simulator under standard test conditions (AM 1.5G, 100 mW cm À2 and 25 1C). Quantum efficiency analysis was performed using an illumination system including two sources (halogen and xenon lamps) and a Bentham TM300 monochromator (Bentham Instruments, Berkshire, UK). The reference measurements were performed on calibrated Si and Ge detectors. Temperature dependent I-V measurements on the best cells were carried out inside a cryostat which has a transparent window allowing the light to pass through. The samples were mounted on a hollowed steel stage which can be flooded with liquid nitrogen to cool down the sample. The temperature was detected by a thermocouple and adjusted by an electrical heater. During the measurement, the cryostat is maintained at a pressure of about 10 À6 mbar using a turbo pump. The measuring temperature was in the range of 150-320 K in steps of 10 K. The sample is illuminated by LED arrays simulating the solar spectrum. Also, the light intensity used in this experiment is slightly lower than that of the standard sun simulator as indicated by the lower short circuit current density compared to that measured in the standard sun simulator.
